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INTRODUCTION 


Ttje nepheloneter to be flcwn on the Atmosj^ieric Entry Priobe of the 
Galileo spacecraft will measure the spatial distribution of the li^it scat- 
tered frcm an irradiated sample voJune to determine the j^sical character- 
istics of cloud particles in that volune. The angular distribution of the 
light scattered in forward directions by the cloud peurticles will be strong- 
ly dependent on the average size of the particles and only weakly dependent 
on the index of refractican or the particle shape. Itie relative magnitude 
of the light scattered in backward directions and the degree of polarization 
of the backscatte^ed radiation will be strongly dependent on peu:t;icle shape 
and refractive index (especially on the absorption portion of the complex 
refractive index) . At any given scattering angle, the amount of lic^t scat- 
tered will be proportional to the particle density. Thus, a neEheloneter 
that uses a vctriety of forward and backward scattering angles can be ejpect- 
ed to yield information on the presence and concentrations of cloud particles, 
the mean radius ard width of the cloud particle size distributiai, and addi- 
tional data on the shape and composition of the cloud particles. The infer- 
ence of such properties from light-scattering data is an extremely complex 
problem, and this investigation enoonpasses a variety of nxmerical studies 
and light-scattering ci)servations that can be applied to the interpretation 
of the Galileo nepheloroeter data. 
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BACKGROUND INFORMATION 

The principal investigator has developed a nvmber of light scattering 
instruments and data analysis techniques for the detectic^ of aerosol layers 
in the atnos^^re and for the determination of aerosol epical prc^)erties. 

In the early 1960 's, he used laser-based atmospheric prc4>ing systems for 
studies of stratospheric aerosol particles vhen he worked with Giorgio 
Fiocco on the development of a lidar (laser radcur) system as a meniar of the 
Resecurch Laboratory of Electrcaics at M.I.T. This pjroject led to the first 
published report on lidar observations of the stratospheric aerosol layer 
(Fiocco and Grains, 1964; Grams and Fiocco, 1967). In the early 1970's, as 
a scientist at the National Center for Atmospheric Research (NCAR) , he initi- 
ated a series of research projects related bo the determination of aerosol 
epical properties by oompeuring echoes from airborne flyash p>cirticles observ- 
ed with a ground-based lidcu: and laser backscattering profiles calculated 
fron aerosol size-mmfcer distributions determined by analysis of particles 
collected simultaneously on the NCAR Sabreliner research aircraft (Grams et 
al., 1972). A laser-based polar (multiple-angle) nephelcmeter was then devel- 
oped and used in a study to determine the complex refractive index of airborne 
soil particles (Grams et al., 1974). These results have subsequently been 
used as input data in studies of the effect of aerosol particles on the earth's 
climate (Russell cind Grams, 1975), on visibility reduction (Patterson et al., 
1976) , and on laser beam extinction (Patterson, 1977) . After obtaining the 
soil particle data, an improved version of the polar nephelcmeter, capable of 
being eperated on a pressurized aircraft, was developed (Grams, Dascher, and 
Wynan, 1975) . This nephelcmeter has been operated on a variety of research 
platforms (NASA's Convair 990, NCAR's Electra and Sabreliner aircraft) to 
obtain data on the optical properties of naturally occuring aerosol particles 
as a function of altitude at a mmber of different locations; it has also 
been operated in a small instrumented trailer for studies of particles in 
polluted atmsopheres. The investigator heis also carried out laboratory stud- 
ies of light scattering cind absorption using a variety of the atmospheric 
aerosols as a function of particle size, shape cind refractive index (e.g., 
Chylek, Grams and Pinnick, 1975; Grams, 1980). 
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OF POOR QUAUn’Y 


The concept of performing a polar nejAielameter ctoservation can be esq^lained 
with reference to the device described by Grams et al. (1975) . Hie general feat- 
ures of this device are shown in Fig. 1. The light source is a collinated laser 



Fig, 1: Sohematio illustration of the Georgia Teoh laser polar 
nephelometer (from Gram, Daeoher, and Wyman, 19?S). 


beam and the detector cptical system defines a narrow field of view (0.5° half- 
angle) . A photon-counting system measures a photamiltiplier's pulse rate with 
the light beam both cai and off; the difference in measured pulse rates is direct- 
ly proportional to the intensity of the light scattered from the volxine ocratDn 
to the intersection of the laser beam and the detector field of view. Mecisure- 
ments aure made at different scattering angles by rotating the detector relative 
to the direction of prcpagation of the light beam. 
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RESULTS 

We carried out a numerical stu<^ that was designed to establish the ex- 
tent to vAuch measurenents of the light scattered frcm a collimated beam at 
certain angles by cloud particles can be related to particle size distritau- 
tiois and aerosol opticc.1 pn^jerties that are chcuracteristic of a variety of 
possible cloud forms in the atinosEiTere of Jupiter. Parametric calculations 
for a variety of different scattering angles and assuned particle sizes and 
ccxnpositions indicated that the particle scattering cross sections for any 
angle within approximately 10° of the forward-scattering angle 6 = 45° can be 
used to estimate the total scattering cross section to better than a factor 
of 1.5 for wavelength A = 0.9 ym for particles with mean retdii in the range 
fron 0.01 ym to 10 ym and ixtaginary refractive indices from n^ = 0 to about 
n^ = 0.002; representative results that serve to illustrate this behavior 
are shewn in Table 1. For Icurger n^ values, particles with radii larger than 
1 ym exhibited scattering efficiencies that became progressively smaller v^ien 
either the particle size or the value of n^ was increcised — to the point at 
which total scattering cross sections would be underestimated by almost an 
order of magnitude at the radius r = 10 ym and the imaginary refractive index 
= 0.1; representative results for the higher n^ values are shewn in Table 
2. This behavior at leurge n^ and large radius values is, in fact, quite 
similar to the response of the "integrating nephelcmeter" instnitents coimonly 
used in urban air pollution studies. The above results apply to very narrow 
size distribution functions, and we expect that even better agreement between 
integrated scatttering cross sections and 45° measurements would be obtained 
for wider size distribution functions. 

We were also involved in several field measurement programs (sponsored 
by contracts and grants from other organizations) during the present study. 
Three of these programs are of special interest to the Galileo nephelcmeter 
experiment: (1) A cloud detecting nei^lcmeter patterned after one used on 

the Pioneer Venus multi-probe mission was flcwn in Alaska on a minber of high- 
altitude balloon experiments during August 1978 to search for nacreous clouds 
in the 30 to 35 km altitude regicxi as peurt of a balloon experiment coordinated 
by D. G. Murcay (University of Denver) for data on stratos^ieric constituents. 
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Table 1. Variation of the aerosol phase function with mean particle size for 
non-absorbing spherical particles with refractive Index 1.5-01. 
Results are shown for the wavelenth 0.9 pm and a narrow log-normal 
size distribution function with geometeric standard deviation 
=1.1 and the Indicated values of the geometric mean radius r . 
All phase function values have been divided by the corresponding^ 
Raylelgh-scattering phase function values at each scattering angle 
for convenience In studying the range of variability of the Mle- 
scatterlng phase function with the particle size. 


Tg (pm) 

35" 

371s" 

40" 

42?j" 

45" 

47»s" 

50" 

52*5" 

55" 

0.01 

1.00 

1.00 

1.00 

1 .00 

1.00 

1 .00 

1 .00 

1.00 

1 .00 

0.02 

1.01 

1.01 

1.01 

1.01 

1.01 

1 .01 

1.01 

1.01 

1 .00 

0.03 

1 .02 

1.02 

1.02 

1.02 

1.02 

1.02 

1 .02 

1 .02 

1.01 

0.04 

1 .03 

1 .03 

1.03 

1 .03 

1 .03 

1.03 

1 .03 

1.03 

1,02 

0.05 

1 .05 

1 .05 

1 .05 

1 .05 

1 .05 

1 .04 

1 .04 

1 .04 

1 .04 

0.06 

1 .09 

1 .08 

1.08 

1 .08 

1 .08 

1 .07 

1 .07 

1 .07 

1 .06 

0.08 

1 .14 

1.13 

1.13 

1 .12 

1.12 

1 .12 

1 .11 

1.10 

1 .10 

0.10 

1.22 

1.21 

1.21 

1.20 

1.19 

1.18 

1 .18 

1.17 

1 .16 

0.13 

1.36 

1.35 

1.34 

1.33 

1 31 

1.30 

1 .28 

1.27 

1 .25 

0.16 

1.62 

1.59 

1.57 

1.55 

1.52 

1.50 

1.47 

1,44 

1.41 

0.20 

2.08 

2.03 

1.99 

1.94 

1.89 

1.84 

1.78 

1.73 

1.67 

0.25 

2.56 

2.47 

2.38 

2.29 

2.20 

2.10 

2.00 

1.90 

1.80 

0.32 

2.82 

2.65 

2.47 

2.30 

2.13 

1.96 

1 .80 

1.64 

1 .49 

0.40 

3.07 

2.74 

2.42 

2.12 

1 .84 

1.59 

1.35 

1.14 

.96 

0.50 

2.51 

2.05 

1.65 

1.31 

1.04 

.83 

.67 

.55 

.47 

0.63 

1 .40 

1.07 

.86 

.75 

.69 

.68 

.69 

.70 

.70 

0.79 

1 .22 

1.32 

1.41 

1.44 

1.41 

1.33 

1.20 

1.06 

.91 

1 .0 

2.36 

2.15 

1.86 

1.58 

1.35 

1.21 

1.14 

1.12 

1,11 

1.3 

.99 

1 .04 

1 .09 

1.11 

1.07 

1.00 

.92 

.85 

.80 

1.6 

.98 

.87 

.80 

.76 

.72 

.67 

.63 

.60 

.57 

2.0 

1.76 

1.50 

1.31 

1.17 

1.06 

.95 

.86 

,77 

.71 

2.5 

1 .32 

1.22 

1.07 

1.01 

.98 

.89 

.78 

.72 

.69 

3.2 

1 .27 

1.19 

1 .07 

.94 

.89 

.85 

.77 

.69 

.65 

4.0 

1 .27 

1 .26 

1.16 

1,02 

.97 

.89 

.79 

.75 

.67 

5.0 

1 .33 

1 .24 

1 .09 

1 .03 

.90 

.86 

.77 

.72 

.67 

6. ■ 

1 .33 

1 .22 

1 .11 

1 .00 

.94 

.82 

.81 

.68 

.66 

l.'i 

1 .29 

1 .23 

1 .12 

1.01 

.94 

.86 

.79 

.69 

.62 

10.0 

1 .31 

1 .16 

1 .08 

1.05 

.99 

.91 

.82 

.72 

.64 




OWGINAL FAG“ 13 
OF POOR QUALITY 


Table 2 . Same as Table 1 except for absorbing spheres with refractive index 
1.5-O.li 


Tg ( urn ) 

35 ° 

37 H 

o 

o 

42 > s ° 

45 ° 

47 ? i ° 

50 ° 

52 < 5 ° 

55 ° 

0.01 

1.00 

1.00 

1.00 

1.00 

1.00 

1 .00 

1.00 

1.00 

1.00 

0.02 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.00 

0.03 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.02 

1.01 

0.04 

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

1.02 

0.05 

1.05 

1.05 

1.05 

1.05 

1.05 

1.04 

1.04 

1.04 

1.04 

0.06 

1.09 

1 .08 

1.08 

1 .08 

1 .08 

1.07 

1 .07 

1 .07 

1 .06 

0.08 

1.14 

1.13 

1 .13 

1.13 

1.12 

1.12 

1.11 

1 .11 

1.10 

0.10 

1.22 

1.22 

1.21 

1.20 

1.20 

1.19 

1.18 

1.17 

1 .16 

0.13 

1.37 

1.36 

1.35 

1.33 

1 .32 

1.31 

1.29 

1.28 

1 .26 

0.16 

1 .64 

1.62 

1.59 

1.57 

1.54 

1.52 

1 .49 

1 .46 

1 .43 

0.20 

2.11 

2.07 

2.02 

1.97 

1.91 

1 .86 

1.80 

1 .74 

1.68 

0.25 

2.61 

2.52 

2.42 

2.32 

2.21 

2.11 

2.00 

1.89 

1.79 

0.32 

2.98 

2.78 

2.58 

2.38 

2.18 

1 .99 

1 .81 

1 .64 

1 .47 

0.40 

3.17 

2.80 

2.44 

2.11 

1.81 

1 .54 

1 .29 

1 .07 

.88 

0.50 

2.54 

2.02 

1.58 

1.21 

.92 

.69 

.53 

.41 

.34 

0.63 

1.19 

.81 

.58 

.46 

.42 

.43 

.46 

.50 

.53 

0.79 

.54 

.67 

.81 

.91 

.95 

.91 

.83 

.71 

.59 

1.0 

1 .20 

1.15 

.97 

.75 

.56 

.43 

.38 

.33 

.41 

1.3 

. 4 ? 

.28 

.24 

.28 

.32 

.34 

.32 

.28 

.24 

1.6 

.26 

.27 

.26 

.21 

.17 

.15 

.14 

.14 

.14 

2.0 

.40 

.29 

.24 

.22 

.20 

.17 

.15 

.14 

.12 

2.5 

.30 

.26 

.21 

.19 

.18 

.16 

.14 

.13 

.12 

3.2 

.24 

.21 

.18 

.16 

.15 

.13 

.12 

.11 

.11 

4.0 

.22 

.19 

.18 

.15 

.14 

.13 

.12 

.11 

.10 

5.0 

2.1 

.18 

.16 

.14 

.13 

.12 

.11 

.11 

.10 

6.3 

.19 

.17 

.15 

.14 

.13 

.12 

.11 

.10 

.10 

7.9 

.18 

.16 

.15 

.13 

.12 

.11 

.11 

.10 

.10 

10.0 

.17 

.15 

.14 

.13 

.12 

.11 

.11 

.10 

.09 
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(2) We c^ierated the Georgia Tech airborne polar (multi-angle) nepheloneter on 
the NCAR Sabreliner aircraft over Sondrestrcro, Greenland, during Noventer 1978 
as pau± of a ground-truth experiment for the SAM II (Stratosfdieric Aerosol 
Measurement II) sensor on the Nimbus-7 satellite. (3) We operated the multi- 
angle ne[helaneter an. the same edrcraft in Poker Flat, Aleiska, during July 
1979 as part of the ground-truth program for validating observations made by 
both the SAM-II and SAGE (Strato^heric Aerosol amd Gas Experiment) sensors. 

In these experiments, simultaneous observations of eierosol peu:t.icles in 
the stratosphere vrere made by a variety of aerosol instrtments on the Sabre- 
liner, CXI the NASA Ames Research Center U2 aircraft, the NASA Wallc^ Flight 
Center P-3 aircraft, and on ballcxxi packages launched by the University of 
wycming. As a result of the Sondrestrom and Po)cer Flat ei^ieriments, data on 
scattering phase functicsis, lidar backscattering cross sections, extincticn 
cross sections, minber densities, and size distributicxis for eierosol particles 
in the Icwer stratosphere are new available for use in testing edgorithns for 
analyzing phase function data from nephelcmeter experiments. 

Under a contract frem the U.S. Army White Samds Missile Range, vge also 
developed a laboratory poleu: nephelometer system for measuring the scattering 
phase func:tions of natural and artificially generated aerosol particles. We 
are currently carrying out a laboratory program sponsored by the U.S. Amy 
Research Office in which our laboratory polar nephelometer system is being 
used for light-scattering studies on the effect of peurticle shape on aerosol 
sc:attering phase functions. Measured angular scattering patterns with simul- 
taneous docninentaticai of the size, shape, and refractive index of the labora- 
tory-generated particles studied in our Army program are also available for 
use in testing algorithms for analysis of data from the Galileo nepielometer 
ejq»riment. 

Finally, we should mention that, as part of tte NASA Aerosol Climate 
Experiment (ACE) program, a new version of the instrunent flown on the Sabre- 
liner experiments has been developed. Ihe purpose of building the new instru- 
ment has been to perform direct measurements of angular scattering functions 
for stratospheric aerosol pirticles by curating a laser polar nephelometer 
on one of NASA's U-2 (or ER-2) aircraft. ODservations of aerosol optical 
properties at altitudes accessible to U-2 aircraft are expected to provide data 
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for use in radiative transfer calculations for nodels of the effects of stra- 
tospheric aerosol particles on the radiation budget of the atmosphere, and 
thereby, on the climate of the Earth. 

lb detain the stratospheric aerosol dsservaticHis, a nunber of infirovements 
to the "old" TOpheloneter were incorporated in the design of the ns» "U2" in- 
stnsnent: (1) Ihe original ne^lometer measured angular scattering functions 

in only one scattering plane (usually the plane parallel to the electric vec- 
tor of the linearly polarized laser beam); modifications made in 1979 (Grams, 
1981) permitted measvurements of the angular scattering patterns for both scat- 
tering planes (perpendicular and parallel to the electric vector of tlie source 
beam) . ihe new "U2" ne^helcmeter also performs the (hase fmction dseervations 
in both scattering planes. (2) Ihe original nephelaneter measured angular 
scattering patterns for angles from 15* to 165* from the direction of propaga- 
tion of the source beam; the 1979 modifications increased the angular range 
to cover scattering angles from 10* to 170*. Ihe new device covers the euigular 
range from less than 5* to more ttian 175* from the prc^gation direction. (3) 
The original neptelometer measured angular scattering functic^ by sequmitially 
rotating a ptotcxnultiplier detector through 31 preselected angles (33 angles 
after the 1979 modifications) ; appn»dmately 20 minutes were required to 
measure a ooiqplete phase function for 5-degree increments of the scattering 
angle. The new device cA>tains simultaneous measurements for over 100 differ- 
ent angle intervals, and it reduces the cAjservation time to less tlian one 
minute for p>articles in the stratospheric aerosol layer. 

The construction of the U2 nephelaneter has been conpleted and the device 
has already flown on a test fli^t on the U2 during October 1981. The first 
data flints on the U2 are to occur by mid-1982 . These data flights will be 
part of the ACE measurement program. In that regard, the plans for the forth- 
coming ACE missions include simultaneous operation of a variety of instruments 
on the U2 including obeervatiois of particle size distributions by the NASA 
Ames wire irpactor system, a quartz crystal micrc^lance, and a single particle 
optical counter. Also included in tlie ocmplement of U2 instrunents are devices 
for measuring aerosol coiposition, aerosol absorption coefficients, condensa- 
tion nucleus ccncentraticxis and concentrations of a variety of gaseous con- 
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stituents such as water vapor and certain sulfur-bearing nolecules (e.g., 

COS and SO2) that are involved in aerosol formation processes. As in the 
case of the Sabre liner data, we expect to continue our work through other 
sponsored projects. Again, the extensive data sets to be collected routine- 
ly during the ACE aircraft missions can be used to test algorithms for infer- 
ring aerosol size, shape, and cxzr|x}sition from the observed aerosol light- 
scattering functicxis measured with the Galileo nepheloneter. 
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CONCLUSIONS 


Our approach enph£isize8 the use of actvial observations of the angular 
distribution of light scattered by aerosol particles obtained in a variety 
of laboratory and field measuranent prograins for \4iich parameters on particle 
size, shape, and refractive index are v^ll established and documented, ihese 
observations are a by-product of on-going laboratory emd field measurement 
programs that are spcMisored by contracts and grants fron other organizations; 
this data base will continue to grw and by the time that the Galileo mission 
is carried out, we cinticipate that the data base will include a wide remge of 
aerosol parameters including combinations that can be regeuxSed as being repre- 
sentative of aerosol parameters for the Galileo observaticxis. We believe that 
the above approach will prove to be a cost-effective method for testing algo- 
righms for analyzing scattering data to be obtained during the Galileo mission 
and for establishing a high level of confidence in the interpretation of the 
nephelometer data. 

Although this grant has officially ended, we do plan to continue our work 
with laboratory-generated and natural aerosol particles. Our on-going efforts 
in the area are expected to provide more insight into the basic physics of 
light scattering processes for use in interpretaticn of data to be obtained 
during the Galileo mission. 
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